Introduction {#sec1}
============

While the consistency of the narrow kinetic data with a hypothetic kinetic model is a necessary condition for the hypothesis to be correct, it is not sufficient proof. A more rigorous test would employ a broader set of heterogeneous data that can be used to reject plausible but false hypotheses. In this manuscript we employ such a more rigorous approach, based on the Bayesian integration of heterogeneous data sets, to test the reaction mechanisms. In this way, we show that not all plausible models are in agreement with the available data, which effectively reduces the number of possible mechanisms.

We aim to improve the mechanistic understanding of protease autolysis on surfaces. It is known that some important proteases undergo autolysis, i.e., cannibalistic self-digest, in solution.^[@ref1],[@ref2]^ This degradation can be accelerated. For instance, trypsin or α-chymotrypsin self-digest faster in the presence of glass or silica surfaces.^[@ref3]^ Similarly, savinase autolytic deactivation is accelerated by hydrophobic particles, showing that the phenomenon is not limited to trypsin-like proteases.^[@ref4]^

Accelerated autolysis may often be an experimental nuisance. However, it could also be desirable in medical or technological applications as a means to inhibit proteases quickly and irreversibly. Thus, not surprisingly, there is currently renewed interest in controlling the activity by accelerating its self-digest. In 2015, Lv et al. successfully accelerated the autolytic trypsin deactivation by adding anionic polymers, such as dextran sulfate.^[@ref5]^ The irreversible inhibition of trypsin achieved by dextran sulfate in this way was 200 times more effective than that by a competitive trypsin inhibitor from soybean.

Gilles et al. observed substoichiometric inhibition of kallikrein and trypsin by several random copolymers in 2017.^[@ref6]^ Subsequent work by Smolin on trypsin and two polymers from Gilles' library confirmed the accelerated self-digest.^[@ref7]^ Such polymers, built from a library of monomers designed for protein surface recognition, might in the future allow to specifically accelerate protease self-digest or even protease--substrate digest. The more recent studies also provided the ultimate proof of autolysis, e.g., by showing a much faster build-up of autolysis products (P) in comparison to polymer-free control solutions.^[@ref5],[@ref7]^

In the present work, we focus on the kinetic aspects of the accelerated self-digest; therefore, we revisit a detailed experimental study by Johnson and Whateley of the kinetics of acceleration of trypsin self-digest in the presence of silica surfaces.^[@ref8]^ We will refer to this publication as JW1981 in the remaining text. In agreement with their earlier work,^[@ref3]^ JW1981 observed that the relative deactivation is identical for three different starting concentrations of trypsin if silica is present ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), i.e., the reaction is of the first-order. They claimed that the bulk reaction (BR) of trypsin autolysis has a reaction order of 2.

![Trypsin deactivation and adsorption. Left: deactivation for different starting concentrations of trypsin \[T\]~0~, 2 mM EDTA, no silica, i.e., regular self-digest (*D*~REG~). Center: deactivation in the presence of 10 mg/L colloidal silica, i.e., surface-accelerated self-digest (*D*~SAS~). Right: adsorption of trypsin on silica (*D*~ADS~); 2 mM benzamidine, 2 mM CaCl~2~, assuming 10 mg/L colloidal silica. We digitized and reformatted data from JW1981 Figures 4 and 8, respectively. Refer to [Supporting Section S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01109/suppl_file/ao0c01109_si_001.pdf) for details.](ao0c01109_0001){#fig1}

JW1981 assumed that trypsin adsorbed on the silica surface (TS) is more susceptible to digestion by unbound trypsin (T) due to conformational changes. Thus, if the surface is fully covered, deactivation rates only depend on the trypsin concentration in the supernatant and therefore are first-order w.r.t. trypsin concentration. Although the model proposed by JW1981 is rather coarse-grained (the authors state that their theory "does not take into account many factors"), the hypothesis ([Scheme [[1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}a) is *a priori* plausible. Since one of the reactants is adsorbed, whereas the other one is not, it resembles the Eley--Rideal (ER) mechanism from heterogeneous catalysis. Increased susceptibility of TS compared to that of trypsin (T) would be reflected in a rate constant of the ER mechanism (*k*~ER~), which is larger than the rate constant of the bulk reaction (*k*~BR~). More details, including the system of differential equations, can be found in the Supporting Information ([Section S2.2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01109/suppl_file/ao0c01109_si_001.pdf)). The adsorption of T to a binding site on the silica surface (S) is governed by the association rate (*k*~a~) and dissociation rate (*k*~d~). Their ratio determines the binding constant .

![Chemical Equations for the Bulk Reaction (BR) of Tryptic Autolysis, as well as Suggested Surface Reaction (SR), with Trypsin (T), Binding Site on the Silica Surface (S), and Degradation Product (P)\
(a) JW1981's Eley--Rideal (ER) like mechanism and (b) alternative Langmuir--Hinshelwood (LH) like mechanism.](ao0c01109_0007){#sch1}

JW1981's considerations regarding the underlying mechanism were based solely on the data of surface-accelerated self-digest (*D*~SAS~), although they also present data on regular self-digest (*D*~REG~) and an adsorption isotherm (*D*~ADS~). JW1981 argued that at the relevant trypsin concentrations "the bulk second-order process is much slower than the surface reaction" because the overall reaction rate in *D*~SAS~ is of first-order, which is the same order they expected for the hypothesized surface reaction (SR). However, they did not test whether their proposed mechanism and their data were consistent with the assumption that BR is much slower than SR. Moreover, JW1981 assumed a constant coverage of the silica surfaces, but they did not crosscheck the trypsin concentrations in the kinetic experiments against their own *D*~ADS~ data.

JW1981 provided rich, heterogeneous data and a testable hypothesis on the basis of theoretical arguments and chemical intuitions. However, JW1981 did not fully exploit their own data to quantitatively test their hypothesis, possibly because of technical difficulties in solving the corresponding ordinary differential equation (ODE) system.

This setting is an excellent test case for a kinetic modeling approach that integrates all relevant data. Here, we demonstrate this with a Bayesian data integration (BDI) that implements a quantitative kinetic model of JW1981's hypothesis and tests it with the full, heterogeneous set of data from JW1981 (*D*~REG~, *D*~SAS~, *D*~ADS~).

Another practical benefit of an explicit, quantitative treatment is the necessity to write down all chemical equations and to formulate underlying assumptions, some of which may not be obvious at first glance. We discuss nonobvious or implicit assumptions of our models in the Supporting Information ([Section S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01109/suppl_file/ao0c01109_si_001.pdf)). Furthermore, an explicit, quantitative treatment can reveal flawed hypotheses. However, care must be taken not to introduce additional errors in the derivation of the ODE system. Fortunately, computational tools like `ChemPy` for constructing ODE systems from chemical equations, or `pyodesys` for solving ODE systems,^[@ref9]^ as well as our own additions presented in this work (BDI for ODE systems) streamline this process. The only input required for the kinetic models is the chemical equations.

We aim at the inference of kinetic parameters, given the input data from various sources, and a hypothetical kinetic model. The inferred parameters can then be used to predict the expected behavior of the modeled system. In particular, this allows us to compare the predicted and the observed behavior and thus to potentially reject hypothetical kinetic models. Moreover, multiple combinations of parameters may yield indistinguishable results in kinetic models, which match the experimental data. Broad parameter distributions indicate underdetermined models. It is therefore crucial to assess the uncertainty of the inferred parameters, given the uncertainties in the input data and their propagation through the inferential process. Thus, to account for uncertainties quantitatively, we express in BDI all quantities in terms of probability distributions.

Each data source, e.g., a thermodynamic or kinetic experiment, contributes an individual branch to the overall probabilistic model, with the sole constraint that each branch must share at least one parameter with another branch. This is a natural way of combining a heterogeneous set of such branches, feeding the modeling process from diverse sources of data.

In general, a hypothetical kinetic mechanism will be tested more thoroughly if the inference of its parameters is based on a data set that is diverse. While there might be many mutually exclusive hypotheses explaining parts of the available data, there will be much fewer, ideally only one hypothesis, compatible with all observations.

The principal Bayesian approach to infer mechanistic model parameters from a single data set has been established several years ago.^[@ref10]^ More recently, Choi and Tomczak independently inferred enzyme kinetic constants with Bayesian tools.^[@ref11],[@ref12]^ BDI for heterogeneous data sources has been applied successfully to metabolic networks,^[@ref13]^ toxicokinetics,^[@ref14]^ and system biology.^[@ref15]^

To confirm that our BDI method can indeed infer parameters for chemical kinetic models and discard or support models based on their consistency with data, we present an example with synthetic data in the Supporting Information ([Section S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01109/suppl_file/ao0c01109_si_001.pdf)). This proof of concept also serves as a reference for readers interested in the implementation and as a tutorial for potential users. It can be found at <https://github.com/niklastoe/kineticmodel_bdi>. In the following sections, we focus on the modeling of trypsin autolysis in the presence of silica surfaces, and we demonstrate that some of the published claims about the process are no longer tenable if all data are considered.

Results and Discussion {#sec2}
======================

JW1981's Hypothesis is Compatible with *D*~SAS~ Data Alone {#sec2.1}
----------------------------------------------------------

At first, all required parameters, those shown in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}a as well as the initial concentration of the binding sites on the silica surface \[S\]~0~, are inferred from *D*~SAS~ alone. The experimental data are reproduced seemingly well ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a), which is necessary but not sufficient for the validity of the hypothesis assumed by JW1981. Remarkably, marginal posteriors for most parameters indicate large uncertainties of parameter values ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). Due to the limited amount of kinetic data and lack of constraints for the parameters, this model is underdetermined, i.e., there are many combinations of parameters for the modeled ER mechanism that are consistent with the same kinetic data.

![Results of kinetic modeling and Bayesian inference for JW1981's hypothesis. (a) *D*~SAS~ (markers as in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) for different \[T\]~0~ are mostly within 16--84% uncertainty intervals of the ER model (contour). (b) Priors (red, dashed) and marginalized posterior distributions inferred from *D*~SAS~ (blue). Refer to [Supporting Section S6.2.2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01109/suppl_file/ao0c01109_si_001.pdf) for details.](ao0c01109_0002){#fig2}

Alternative Langmuir--Hinshelwood-Like and JW1981 Mechanisms Explain Observations Equally Well {#sec2.2}
----------------------------------------------------------------------------------------------

Underdetermination does not only allow many parameter value combinations to explain the kinetic data but even permits different models. For instance, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows that *D*~SAS~ is also compatible with a Langmuir--Hinshelwood (LH) like mechanism ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}b). LH is another textbook mechanism from heterogeneous catalysis. In contrast to ER, it assumes that both molecules are adsorbed before the reaction (see [Supporting Section S2.3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01109/suppl_file/ao0c01109_si_001.pdf) for more details and the system of differential equations). A possible interpretation of an accelerated self-digest, i.e., increased rate constant *k*~LH~ \> *k*~BR~, could be local enrichment on the surface. Considering only *D*~SAS~, both ER and LH have similar explanatory powers, prohibiting the rejection of either one mechanism. Like JW1981's proposed mechanism, LH is a coarse-grained description lacking, e.g., accurate treatment of local concentrations or surface diffusion.

![*D*~SAS~ (markers as in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) for different \[T\]~0~ are within 16%--84% uncertainty intervals of the LH model (contour).](ao0c01109_0003){#fig3}

Using More Data from JW1981 Challenges JW1981's Hypothesis {#sec2.3}
----------------------------------------------------------

For inference of all reaction parameters of the two models considered so far, ER and LH, we need not only *D*~SAS~ but also other experimental data. Namely, we need *D*~REG~ for the inference of the regular self-digest rate in solution, *k*~BR~ ([Supporting Section S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01109/suppl_file/ao0c01109_si_001.pdf)), and *D*~ADS~ for the description of the concentration of silica surface binding sites \[S\]~0~ and the association constant of trypsin and the binding sites, *K*~a~ ([Supporting Section S2.1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01109/suppl_file/ao0c01109_si_001.pdf)). These three parameters, *k*~BR~, \[S\]~0~, and *K*~a~, are required for a quantitative kinetic model of the total reaction with simultaneous bulk and surface reactions, BR and SR ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}a,b), respectively.

### *D*~REG~ and *D*~SAS~ Imply Different *k*~BR~ {#sec2.3.1}

We estimated the total reaction rates in the presence or absence of silica surfaces ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01109/suppl_file/ao0c01109_si_001.pdf)). Silica can increase reaction rates by more than 100% for \[T\]~0~ = 2.2 μM. For \[T\]~0~ = 5.5 μM and especially \[T\]~0~ = 11.0 μM, the presence of silica surfaces does not lead to much faster overall reaction rates. Thus, for these concentrations, one cannot neglect BR because its speed could be of the same order of magnitude as that of SR.

JW1981 described regular autolysis as a second-order reaction. In our first model, we describe the regular bulk autolysis BR with a single-step bimolecular reaction ([Supporting Section S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01109/suppl_file/ao0c01109_si_001.pdf)). It seems plausible that the presence of silica does not influence the bulk reaction rate *k*~BR~. Joint modeling of *D* = {*D*~REG~, *D*~SAS~} is equivalent to inferring *k*~BR~ from *D*~REG~ alone and then using it as a prior for modeling *D*~SAS~ ([Supporting Section S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01109/suppl_file/ao0c01109_si_001.pdf)) as mentioned previously in the paper.

If we do this, the agreement between model predictions and the observed *D*~SAS~ deteriorates ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, left). Uncertainty intervals are broader than if using *D*~SAS~ data alone (compare to [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). The model predictions systematically deviate from the experimental data for all \[T\]~0~. Specifically, the model based on the joint *D*~REG~ and *D*~SAS~ data predicts that higher concentrations deactivate faster, i.e., the model is not first-order. Obviously, this is incompatible with the experimental data. If *k*~BR~ is required to match *D*~REG~, BR contributes substantially to the overall degradation in this model if silica is present, leading to a reaction order greater than 1.

![Modeling with joint data of bulk and surface reactions, *D*~REG~ and *D*~SAS~. Left: comparison of experimental *D*~SAS~ data (markers) and 16--84% uncertainty intervals (contour) of the ER model based on *D* = {*D*~REG~, *D*~SAS~}. Right: marginalized posterior distribution for *k*~BR~ inferred for the ER model from *D* = {*D*~SAS~} or *D* = {*D*~REG~} individually, or inferred from joint *D* = {*D*~REG~, *D*~SAS~}.](ao0c01109_0004){#fig4}

If we model *D*~REG~ and *D*~SAS~ separately, the marginalized posterior distributions for *k*~BR~ do not overlap ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, right). This means that JW1981's model cannot explain both data sets with a coherent interval of model parameter *k*~BR~. Barring measurement errors in JW1981's data, we are confident that a single model should be able to explain both *D*~REG~ and *D*~SAS~ because their experimental setup is identical. Consequently, we reject both the ER- and the LH-like mechanisms (similar results to [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, not shown) as defined in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}a,[1](#sch1){ref-type="scheme"}b.

### Contrary to the Hypothesis, Surface Coverage is Not Constant {#sec2.3.2}

JW1981 claimed that surfaces are fully covered in their kinetic experiments. Surface coverage (ϕ) would be approximately constant, leading to a first-order reaction assuming an ER-like mechanism ([Supporting Section S2.2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01109/suppl_file/ao0c01109_si_001.pdf)). ϕ is assumed to follow the Langmuir isotherm.Rearranging [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} one obtains a function of ϕ dependent on the starting concentration \[T\]~0~. We calculated the expected ϕ for the starting concentrations of trypsin in JW1981's kinetic experiments, with our BDI approach propagating the uncertainty of the parameters *K*~a~ and \[S\]~0~ inferred from *D*~ADS~ ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). Contrary to JW1981's statement, we find that ϕ is not approaching full surface coverage. Even the largest starting concentration of trypsin of 11 μM has a 98% probability for ϕ \< 0.9. More importantly, ϕ differs substantially for the three trypsin concentrations. This finding contradicts the above hypothesis that the amount of substrate, i.e., adsorbed trypsin \[TS\], is constant, which was a crucial part of JW1981's explanation of a first-order reaction.

![Posterior prediction of equilibrium ϕ for different \[T\]~0~ (left). Marginal posterior distributions of *K*~a~ (middle) and \[S\]~0~ (right) have been inferred from *D*~ADS~. Priors are shown as red dashed lines.](ao0c01109_0005){#fig5}

We could think of two possible reservations against using parameters inferred from *D*~ADS~ to estimate the concentrations in kinetic experiments.

First, the differences in experimental conditions (presence of Ca^2+^ and benzamidine in the adsorption experiments but not the kinetic measurements) may distort *K*~a~ and \[S\]~0~. JW1981 rejected the notion that benzamidine could influence the adsorption but do not comment on Ca^2+^. If Ca^2+^ decreases *K*~a~ (see [Supporting Section S2.1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01109/suppl_file/ao0c01109_si_001.pdf)), JW1981's assumption of a constant ϕ might be satisfied in the kinetic experiments.

Second, the Langmuir isotherm cannot reproduce *D*~ADS~ accurately as we will demonstrate later. This could be caused by a violation of one or more of the assumptions made by the Langmuir isotherm or due to a systematic error in *D*~ADS~. JW1981 chose to use the Langmuir isotherm, and we are not aware of another isotherm leading to a better description.

Either case could lead to wrong posterior distributions of *K*~a~ and \[S\]~0~, resulting in wrong estimates of the surface coverage; however, these are merely hypothetical scenarios. We find that *K*~a~ would need to be at least an order of magnitude larger to ensure constant surface coverage ([Supporting Section S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01109/suppl_file/ao0c01109_si_001.pdf)). Thus, JW1981's claim that surface coverage is constant for the given concentrations of trypsin is unsupported at best. Note that even if applying parameters inferred from *D*~ADS~ to concentrations in kinetic experiments was inadmissible and surface coverage was indeed constant in kinetic experiments, BDI of *D* = {*D*~REG~, *D*~SAS~} is sufficient to reject JW1981's overall hypothesis.

Including Transition between Two Trypsin Conformations A and B Allows to Explain All Data Holistically {#sec2.4}
------------------------------------------------------------------------------------------------------

Kunitz and Northrop proposed in 1934 that trypsin autolysis involves two conformations of the protease.^[@ref1]^ Conformation B is susceptible to autolysis by A, but not the other way around. If this conversion is slow/rate-determining, the reaction order of regular autolysis can be below 2.^[@ref2],[@ref16]^ JW1981 mentioned the influence of Ca^2+^ on trypsin's conformation and its impact on the susceptibility but do not consider two forms A and B in their hypothesis for surface-accelerated self-digest. A closer inspection of *D*~REG~ shows that its reaction order is most likely below 2 ([Supporting Section S4.3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01109/suppl_file/ao0c01109_si_001.pdf)). To test this possibility further, we therefore adapt our kinetic model by treating trypsin as two forms A and B ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}, the system of differential equations can be found in [Supporting Section S2.4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01109/suppl_file/ao0c01109_si_001.pdf)).

![Chemical Equations for the Interconversion of Two Trypsin Conformations A and B and the Corresponding BR- or ER-Like Mechanism of Degradation](ao0c01109_0008){#sch2}

Except for the autolytic step, we assume A and B to be equivalent (see also [Supporting Section S5.6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01109/suppl_file/ao0c01109_si_001.pdf)): A and B adsorb equally to silica, i.e., adsorption/desorption rate constants are identical for A and B, which keeps the model simple and avoids inflating the parameter space.

This new, refined model reproduces the heterogeneous data set *D* = {*D*~REG~, *D*~SAS~, *D*~ADS~} accurately ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a). The total reaction order in *D*~SAS~ is appropriate, although the surface coverage is not constant for the examined trypsin concentrations. SR does not govern the reaction rate. It simply accelerates the degradation of B (shown in blue in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}). Consequently, conversion from A to B becomes the rate-determining step, causing the pseudo-first-order reaction rate. A and B are no longer in a steady state because the conversion B → A (shown in red in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}) is slower than the degradation of B.

![Results of kinetic modeling and Bayesian inference for the model presented in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}. (a) Posterior predictive check for data sets from all experiments. (b) Priors (red, dashed) and marginalized posterior distributions inferred from *D* = {*D*~REG~, *D*~SAS~, *D*~ADS~} (blue). Refer to [Supporting Section S6.2.2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01109/suppl_file/ao0c01109_si_001.pdf) for details.](ao0c01109_0006){#fig6}

The posterior distributions of the parameters are much more narrow if all three available data sets are used for the inference ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b). Only *k*~ER~ is broadly distributed because it is not rate-determining. As long as *k*~ER~ is much higher than the conversion rate from A to B (*k*~AB~), the modeled digestion rates do not change. Independent measurements of *k*~AB~ and the equilibrium constant of the two trypsin conformations would test our hypothesis.

JW1981 compared the effect of silica to the one by Ca^2+^ which increases the resistance to autolysis. Both lower the reaction order but silica increases the overall reaction rate, whereas Ca^2+^ decreases it. A simple explanation for this phenomenon could be that silica accelerates the degradation of B, whereas Ca^2+^ slows the conversion A → B. In both cases, the conversion becomes the rate-determining step.

We emphasize that we do not claim that the last model is necessarily correct. We only state that it is one model that is consistent with the available data and with the literature (ingrained explicitly in the priors or not). The only conclusion we draw is that silica accelerates the degradation of B to a point where it is no longer rate-determining. The exact mechanism of acceleration cannot be determined based on the available data. For example, we cannot determine if increased susceptibility of adsorbed trypsin or an increase in local concentration makes SR faster than BR. We refined the LH mechanism discussed earlier with conformations A and B. As expected, this mechanism explains the full heterogeneous data set just as well as by the mechanism in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"} (results not shown). Studying SR in detail would probably be easiest if it was the rate-determining step.

Conclusions {#sec3}
===========

We could show the inadequacy of the mechanism proposed by JW1981, as it is incompatible with JW1981's full data on the surface-accelerated trypsin self-digest, regular self-digest, and adsorption, all integrated with BDI. An extended model, describing trypsin in two forms, form A and a more quickly degraded form B, leads to a pseudo-first-order reaction that explains all the available data. This is true irrespective of whether we assume in the model that silica accelerates the process in an ER- or LH-like mechanism. We therefore conclude that the data presented in JW1981 is insufficient to determine how silica accelerates trypsin self-digest. In addition, we stress that due to the limitations of the data available from JW1981, especially the complete lack of error estimates, the reliability of any model is also limited.

Recently, Zumbro et al. found that polymers increase the local concentration of unbound proteins in a protein-rich phase if these proteins attract each other.^[@ref17]^ This increase might lead to a faster self-digest without adsorbing the proteases involved in autolysis, i.e., it would be quite different from the LH-like mechanism proposed in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}b. Future studies trying to identify details of SR might need to consider this third variant. Describing this phenomenon with a kinetic model is not straightforward since adsorption and aggregation close to the surface are themselves dependent on the surface coverage and local concentration close to the surface.

The case of JW1981 has also demonstrated the importance of data integration in modeling. Modeling *D*~SAS~ individually led to severely underdetermined models that were rejected after the application of BDI to the complete data *D* = {*D*~REG~, *D*~SAS~, *D*~ADS~}. The general approach proposed here, i.e., BDI for heterogeneous data sets, will be useful for other applications in chemical kinetics.

Methods {#sec4}
=======

Kinetic Modeling Setup {#sec4.1}
----------------------

We used `ChemPy` to create systems of ODEs from chemical equations^[@ref9]^ and `pyodesys` to integrate the systems of ODEs numerically with `CVODE`.^[@ref18],[@ref19]^ Although numerical integration comes at the cost of slower posterior evaluations during inference, we believe that in many scenarios deploying models rapidly, as facilitated by the described set of tools, is more important than reduced computational cost, especially if there are numerous hypotheses to test.

Experimental Uncertainties {#sec4.2}
--------------------------

JW1981 does not contain error bars. Our probabilistic kinetic models included experimental uncertainties σ~kin~ (for *D*~REG~ and *D*~SAS~) and σ~ads~ (for *D*~ADS~) as nuisance parameters ([Supporting Section S6.1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01109/suppl_file/ao0c01109_si_001.pdf)).

Sampling {#sec4.3}
--------

For numerical Bayesian inference, we used the ensemble sampler for Markov chain Monte Carlo proposed by Goodman and Weare as implemented in `emcee`.^[@ref20],[@ref21]^ Sampling was parallelized with `pathos`.^[@ref22],[@ref23]^

For the representative sampling of the parameter space, we used 500 MCMC walkers. We stopped sampling when autocorrelation times τ converged (less than 2% change within 2500 steps) for all parameters and the run time exceeded the largest τ at least 50 times. After discarding the first 5·τ steps as burn-in, we evaluated only every τ-th step, i.e., at least 22 500 independent samples.

Convergence was checked with `PyMC`'s implementation of the Gelman--Rubin diagnostics (*R*~c~ \< 1.01).^[@ref24]−[@ref26]^

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01109](https://pubs.acs.org/doi/10.1021/acsomega.0c01109?goto=supporting-info).Details on how experimental data were extracted and reformatted from JW1981 (Section S1); theoretical background for surface reactions (Section S2); requirements for constant surface coverage (Section S3); regular autolysis and inference of its reaction order in the experimental data (Section S4); implicit assumptions made in our model (Section S5); and theoretical background of Bayesian inference, Bayesian data integration, and reasoning behind chosen priors (Section S6) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01109/suppl_file/ao0c01109_si_001.pdf))
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